Introduction
Copper containing up to 1 % chromium is a precipitation hardening alloy which exhibits good room temperature strength, ductility and high electrical and thermal conductivities. 1) Alloying of chromium with copper during melting is difficult due to the large difference in (a) melting points (Copper, 1 083°C; chromium, 1 875°C) and (b) density (Copper, 8.95 g/cc; Chromium, 7.19 g/cc) as well as the limited solid solubility (maximum solid solubility 0.65 wt% at 1 070°C) of chromium in copper. We have previously reported a technique for production of copper-chromium alloys by in-situ reduction of chromium oxide. 2, 3) Copper was firstly melted under a slag cover in the induction-melting furnace followed by the addition of chromium oxide to the slag as source of chromium. Aluminium/carbon was added to the slag to aid the reduction of chromium oxide, and it was concluded 2) that aluminum is a better choice as a reducing agent.
During publication of our previous paper, 3) it was suggested that carbon from graphite crucible/electrode may also contribute towards the reduction of chromium oxide. In the present work, we evaluated the role of aluminium and carbon during electro slag crucible melting of copperchromium alloys by in-situ reduction of chromium oxide.
Experimental Procedure
A 350 kVA AC electro slag crucible melting (ESCM) furnace was used in the present work (Fig. 1) . The experimental setup consisted of a graphite crucible of 130 mm internal diameter and 170 mm length and a graphite electrode of approximately 80 mm diameter and 1 000 mm length. To study the effect of electrode diameter, two additional experiments were conducted using an electrode of 50 mm diameter. The graphite crucible was encased in a mild steel shell with magnesite ramming mass. The refractory lining around the graphite crucible helps to reduce excessive heat loss from the graphite crucible during the melting process.
A slag, weighing approximately 1.5 kg, comprising 20 %CaF 2 -30 %CaO-30 %SiO 2 -20 %NaF (all compositions in mass%) was used in the present work. The presence of SiO 2 in the slag helps to lower the melting temperature of the slag, making it closer to that of copper and also widening its freezing range for obtaining a casting with a smooth surface finish. The presence of CaO in the slag helps the removal of sulphur from the metal. Fluorides such as CaF 2 and NaF improve the fluidity and electrical conductivity of the slag. Appropriate amount of Cr 2 O 3 was added to the slag for each slag. The slag was then preheated in a electric resistance furnace at a temperature of 850°C for 2 h.
The crucible melting process was carried out in open air atmosphere. The process was initiated by striking an arc between the electrode and the base of the graphite crucible. A small quantity of the preheated slag was added to the crucible during the period of arcing. After some slag had melted, arcing stopped and the heat required for further melting was generated in the molten slag due to its resistance. After all the slag had melted, the molten slag was superheated to approximately 1 250°C. The melting process was carried out at a bath current of 1.5 kA and bath voltage of 30 V.
Then, copper scrap (turnings and borings) was charged through the annular gap between the electrode and the crucible. Typical composition of the scrap used is given in Table 1 . Because of its large surface area-to-volume ratio, the copper scrap floats on top of the slag until it melts. The molten copper, being denser than the molten slag, sinks to the bottom of the crucible. Fresh charge of copper scrap was then added to the molten slag. The charging process was repeated till all the copper scrap was melted. Approximately 2 kg of copper scrap was used for each experiment. The experimental conditions are listed in Table  2 . In one of the experiments (Melt No. 5) 1 kg of copper was used. Aluminium was added to the slag for some experiments. In one melt (Melt No. 18), 100 g of graphite powder was charged into the slag instead of aluminium. The melt was held for about 10 min after all the copper charge had melted. The liquid metal together with liquid slag was poured into another graphite mould and was allowed to solidify. For determination of chromium, aluminium and silicon, the samples were drilled out from the center of the ingots and analysed using atomic absorption spectroscopy (AAS). For metallographic studies, samples were cut from the ingot and mounted in bakelite. They were polished to a 1-mm finish, and subsequently etched with potassium dichromate solution.
Results
The ESCM ingots showed good surface finish and were free from internal defects such as pipe, porosity etc. Chromium contents ranging from 0.28 to 1.87 mass% were obtained in the Cu-Cr ingots. For one experiment (Melt No. 5), the ingot chromium content was doubled (Table 2) by charging only 1 kg of copper instead of 2 kg used in other experiments. Initially the chromium content of Cu-Cr ingots increases with increase in Cr 2 O 3 addition to the slag. However, when more than 8 % (120 g) Cr 2 O 3 is added to the slag, there is a decrease in ingot chromium content. These results are summarized in Fig. 2 .
No significant change in ingot chromium content was observed on aluminum addition in experiments conducted using up to 120 g of Cr 2 O 3 in the slag. In experiments where 240 g and 480 g of Cr 2 O 3 was present in the slag, a significant increase in chromium pick up was observed by addition of aluminium to the slag (Table 2 ). At such high levels of Cr 2 O 3 in the slag, experimental difficulties were encountered in maintaining operation stable. In one of the experiments (Melt No. 14), significant amount of copper alloy was found to be trapped in the solidified slag. These observations may be correlated to possible increase in slag melting temperature and viscosity due to the presence of large amounts of chromium oxide. Even at such high Cr 2 O 3 levels in the slag only a marginal increase in chromium pick up was observed on adding larger amounts (20 g and 30 g) of aluminium to the slag (Table 2 ). Silicon and aluminium in the Cu-Cr ingots were found to be less than 0.05 mass%.
Reduction of electrode diameter (Table 2) The macrostructure of the longitudinal section of one of the ingots (Fig. 3) revealed columnar grains free from defects, namely, pipe, shrinkage cavity, and microporosities which are commonly observed in conventional castings.
The grain growth appears to have taken place from side walls towards the center of the ingots and from bottom upwards yielding a casting with a dense and directionally oriented columnar grain structure. At lower chromium contents a fine distribution of chromium particles (Fig. 4(a) ) was observed in the matrix. In addition, larger chromium particles (Fig. 4(b) ) were observed in alloys containing higher (Ͼ1.2 %) chromium levels.
Discussion
It can be seen that significant amounts of chromium was dissolved in all the copper melts irrespective of addition of aluminium or graphite powder. Thus it appears that carbon present in graphite crucible/electrode plays an important role in reduction of chromium oxide by the following reactions The experimental results for the chromium content of the ingot are shown in Fig. 2, according (Fig.  2) , the addition of aluminium had no significant effect on chromium levels obtained in these ingots.
It must be mentioned that all the chromium reduced has not been picked up by the molten copper. When 120 g of Cr 2 O 3 is added to the slag, approximately 4 mass% of chromium may be released by the reduction of Cr 2 O 3 , but only 1.26 mass% chromium is picked up by the copper melt. It is probable that a significant portion of the chromium generated is lost as chromium carbide particularly because reduction of Cr 2 O 3 can start as soon as the slag is melted and proceed well before copper is added.
At higher levels of Cr 2 O 3 (240 g and 480 g), there was a noticeable increase in slag viscosity. It can be generally said that increment of slag viscosity beyond the saturation point of Cr 2 O 3 lowers the efficiency of the reducing reaction. In the literature, the solubility of Cr 2 O 3 in the CaO-SiO 2 system (where X CaO /X SiO 2 ϭ1) is around 7 mass% from 1 544 to 1 800°C. 4) Therefore, it is considerable that observed chromium content in Fig. 3 shows the peak at around 7.5 mass% Cr 2 O 3 (120 g additional), if the fluorides (CaF 2 , NaF) do not change the Cr 2 O 3 solubility for the CaO-SiO 2 system much.
At such high levels (14 mass% and 24 mass%, respectively) where the Cr 2 O 3 is a major constituent of the slag its high melting point and high viscosity also causes the operational difficulties encountered during the experiments, as is similarly reported during electro slag refining of steels when operating with high Cr 2 O 3 contents in the slag. 5) At such high levels of Cr 2 O 3 is probable that due to increased slag viscosity the reduction by carbon may not be completed, because chromium oxide may not readily reach the reaction sites (crucible walls/electrode/CO gas bubbles) during the course of the melt. It prevents the smooth progress of reducing reaction. On the other hand, when aluminium is added, it melts instantaneously and is distributed uniformly in the slag because of its very high fluidity at operating temperature. This enables further reduction of chromium oxide to take place as per the following reaction:
Molten aluminium has density (2.5 g/cm 3 ) comparable to that of liquid slag (2.6-2.8 g/cm 3 ) and therefore may distribute itself uniformly in the slag. This explains the increased pick up of chromium by aluminium addition to slags with higher Cr 2 O 3 contents (Fig. 2) . Chromium contents that can be obtained on aluminium addition seem to level off at about 1.85 mass%. This value appears to be the maximum level of chromium that can be obtained using the present set of operating parameters available for crucible melting.
It is worth noting that the method of Cr 2 O 3 addition to the slag also plays a role in reduction kinetics. In the present work Cr 2 O 3 was premixed with the slag thus allowing reaction time longer. The chromium levels obtained in the present work are higher (ϳ2.5 times) as compared to those reported earlier. 2) In the earlier work, Cr 2 O 3 was added to the slag after all the copper charge has melted thus significantly reducing the time available for reduction of Cr 2 O 3 .
In these cases, as the reduction reaction was incomplete, aluminium additions led to increase in chromium pick up. 2) In the present work, relatively longer time is available for reduction of chromium oxide by graphite in electrode/crucible. From above discussion, reaction kinetics may play a major role. The kinetics can also be affected by the surface area available for the reaction. Thus a decrease in electrode diameter from 80 mm to 50 mm leads to a decrease in ingot chromium content from 1.26 mass% (Melt No. 8) to 0.65 mass% (Melt No. 17) because of the decrease of interfacial surface area for the reduction reaction.
The graphite powder was added (Melt No. 18) to increase the surface area of graphite. Graphite powder is likely to form a suspension in the slag as its solubility in fluoride based slags is extremely low. 6) This may significantly increase the slag viscosity which in turn may impede chromium pick up in the ingot. Thus addition of graphite powder leads to a decrease in the Chromium content of the ingot from 0.65 mass% in melt No. 17 to 0.25 mass% in melt No. 18.
The fine precipitation (Fig. 4(a) ) of chromium particles observed in the matrix of alpha-copper at low chromium contents (up to 0.7 mass%) may be attributed to solid state precipitation due to limited solid solubility of chromium in copper. 1) At chromium contents of 1.2 mass% or higher, chromium may also form directly from the melt as coarse interdendritic chromium particles (Fig. 4(b) ). Further thermomechanical processing of Cu-Cr ingots may be necessary to achieve a more uniform distribution of chromium particles in the alloy.
Conclusions
Copper-chromium alloy has been successfully produced by electroslag melting with in-situ reduction of Cr 2 O 3 . It is shown that carbon from graphite crucible/electrode plays a significant role in in-situ reduction of chromium oxide during melting of Cu-Cr alloys. Addition of aluminium as a reducing agent is effective when large amounts of Cr 2 O 3 (ϳ13 mass% or more) is present in the slag. The reduction reaction appears to be controlled by the availability of dissolved Cr 2 O 3 in the slag and to some extent by the slag viscosity. Usage of graphite powder as a reducing agent was not successful because of the increase in slag viscosity. The maximum chromium content of Cu-Cr ingots was as high as approximately 2 mass% using the operating parameters available for crucible melting.
